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ABSTRACT
Mohamed E. Hassan
University of Dayton, 1994
Supervisor: Dr. Joseph Saliba
A comprehensive experimental study was carried out to
investigate the engineering properties of high strength 
concrete in the range of 10,000 to 15,000 psi. The study 
included the determination of the uniaxial compressive
strength, static modulus of elasticity, tensile strength,
flexural strength, stress distribution parameters and
Whitney block assumption and temperature rise of high 
strength concrete due to chemical reaction. The concrete
was produced by using silica fume, locally available 
aggregate, cement type I, superplasticisers and retarders. 
Three concrete mix designs were obtained from ready recipes 
and tests were carried out at six different ages. Test 
results were compared with ACI code formulas for predicting 
modulus of elasticity and modulus of rupture for low
strength concrete by using uniaxial compressive strength . 
Also, results were compared with existing data concerning 
the modulus of elasticity for high strength concrete and
the tensile strength for low strength concrete. 
Experimental results are presented and discussed along with
SHORT AND LONG TERM PROPERTIES OF HIGH STRENGTH CONCRETE:
i i i
previously established relations for relations for normal 
strength concrete. Recommendations and conclusions are
made for different relations and measurements.
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CHAPTER I
HISTORICAL BACKGROUND
Concrete in Ancient Times:
The use of cementing material began back in antiquity 
and has undergone a somewhat erratic evolution in reaching 
the present state of the art. Very early civilizations,
Egyptians, Romans and others made extensive use of stone
masonry construction which sometimes involved the use of 
mortar. Ancient Egyptians used a cement which was produced 
by a calcining (heating) process and so may have made the 
first contribution to this technology. The Romans 
implemented the knowledge and skills acquired by prior 
people and so brought civil engineering works, including 
the use of concrete, to a rather sophisticated level. Early 
concretes consisted of plain or hydraulic lime and filler 
and were subjected to rapid deterioration even in the mild 
Mediterranean climates. The Roman engineers, however, 
mixed together lime, volcanic ash and pieces of stone to 
produce a durable type of concrete(l).
Beginning of Concrete Industry in The United States:
The concrete industry in the United States had its 
beginning in New York state. During geological surveys for
I
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the Erie Canal in 1818, an engineer by the name of Canvas 
White discovered a deposit of natural cement rock near
Chittenanango that contained lime, silica and alumina in 
proportions suitable for hydraulic cement. In 1825 cement 
rock was found in Ulster county and in 1828 a mill was 
constructed in Rosendale, New York. By 1896, fifteen 
cement mills were operating in the Rosendale-Roundout 
regions, accounting for 50% of the nation’s total cement 
production.
In the spring of 1866, D.O. Saylor, Esaias Rehrig and 
Adam Woolever, all of Allentown, Pennsylvania, formed the 
Coplay Cement Co. and located a mill near Allentown for the
manufacturing of natural cement.
In the 1870’s, Saylor began to experiment on making 
Portland cement from the rock in the local quarries. After 
many trials, true Portland cement was produced in 1875. 
This was the first Portland cement made in the Lehigh 
district and probably in the United States.
Statistics on natural cement, or Rosendale cement 
show that approximately three hundred million barrels of 
Rosendale masonry cement have been used. Notable structures 
built by using Rosendale cement concrete are: Boston 
projects including the State House, Tremont Temple and
Suffolk Bank; and in Pittsburgh, Carnegie Mills and the
3
Davis Island Dam. In Washington D.C, projects built by 
using Rosendale concrete have included the U.S. Capitol,
the Patent Office, and the U.S. Treasury Building.
Admixtures:
General:
Admixtures are widely used in the production of high 
strength concretes. These materials include air-entraining
agents and chemical and mineral admixtures. Air-entraining
agents are generally surfactants that will develop air-void 
system appropriate for durability enhancement. Chemical 
admixtures are generally produced using 1ignosulphonates,
hydroxylated carboxilic acids, carbohydrates, melamin and 
naphthalen condensates, and organic and inorganic 
accelerators in various formulations. Significant increase 
in compressive strength, control of rate of hardening, 
accelerated strength gain, improved workability, and 
durability are contributions that can be expected from the
admixture or admixtures chosen.
Air Entraining Admixtures:
The use of air-entrainment is recommended to enhance
durability when concrete will be subjected to freezing and 
thawing while wet. Entrained air has the effect of 
reducing strength, particularly in high strength mixtures, 
thus it is only used when durability is of concern.
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Retarders:
High-strength concrete mix designs incorporate high
cement factors that are not common to normal commercial
concrete. A retarder is frequently beneficial in 
controlling early hydration. Further, structural design 
frequently requires heavy reinforcing steel and complicated 
forming with attendant difficult placement of the concrete. 
The retarder can control the rate of hardening in the forms 
to eliminate cold joints and provide more flexibility in 
placement schedules.
Normal-Setting Water Reducers:
It is a conventional water reducer which will provide 
strength increase without altering rates of hardening. 
Increase in dosage above the normal amount will result in 
strength improvement, but may extend setting time.
High Range Water Reducers(HRWR):
High range water reduction provides high strength 
performance. Matching the admixture to the cement both in 
type and dosage rate is important. This admixture usually 
needs a period of around thirty minutes till the loss of 
slump starts, so it is advisable to be added at the job
site.
Accelerators:
Accelerators are not normally used in high strength
5
concrete unless early form removal is critical. 
Accelerators can provide strength adequate for vertical 
form removal on walls and columns at an early age.
Finely Divided Mineral Admixtures:
Finely divided mineral admixtures consist mainly of 
fly ash and silica fume. They have been used in a very wide 
range to produce high strength concrete. Silica fume is 
most readily obtainable as a byproduct of the production of 
elemental silicon or ferro-si1 icon alloys. It consists of 
extremely fine spherical glassy particles with a silica 
content of from 85 to 98 percent and an average particle 
size Of 0.1 pm. When added to concrete it affects many 
properties, the most notable of which are an increase in 
strength, decrease in permeability, and a decrease in 
electrical conductivity. The dosage may be as high as 20 
percent by mass of cement, although usually it does not 
exceed 10 percent. Silica fume has an adverse effect on 
water requirement of concrete. For that reason, high range 
water reducers is usually used in concrete containing
silica fume.
High Strength Concrete Beginnings:
In the 1950’s, concrete with a compressive strength
of 5,000 psi was considered high strength. In the 1960’s, 
concrete with 6,000 and 7,500 psi compressive strengths
6
were used commercially. In the early 1970’s, 9000 psi
concrete was being produced. More recently, compressive 
strength over 20,000 psi have been considered for applications 
in cast-in-place buildings and prestressed concrete members. 
For many years, concrete with compressive strength in excess
of 6,000 psi was available at only a few locations. However, 
in recent years, applications of high strength concrete have 
been used in many parts of the world. Growth has been 
possible as a result of recent developments in material 
technology and a demand for higher strength concrete. The 
construction of many famous high rise buildings and long span 
bridges, would have not be possible without high strength
concrete. The use of high strength concrete is expanding
significantly throughout the United States and other 
industrial nations. The underlying reason for this increase
is twofold:
- High strength concrete is now available on a wider 
geographical basis.
- Maximum achievable strengths have increased to the extent 
that compressive strengths are approaching 20,000 psi and
can now be obtained with commercially produced ready mixed
(2)concretes.
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Example of High Strength Concrete Buildings:
Some examples of high and very high strength concrete 
buildings are given below:
NCNB tower (North Carolina National Building) located 
in Charlotte, North Carolina is rising as the tallest building 
in the city and the third tallest reinforced concrete building 
in the United States.
The project used concrete with specified strength of up to 
8,000 psi (a level that has been commercially achievable since 
the 1970’s).
Society Tower in Cleveland is 949 feet high, The 
specified strength for its concrete is about 12,000 psi which 
is considered an achievable strength level for the Cleveland 
area. The tower was built from a composite concrete/steel
system.
One Peachtree Centre (Atlanta) is due to be completely 
constructed by summer of 1996. The high strength concrete 
which is currently used in the construction is up to 12,000 
psi specified strength. This building is a concrete/steel 
structure and has a total height of 854 feet.
Miglin-Beitler Tower is a proposed building to be 
constructed in the Chicago area with specified concrete 
strength of up to 14,000 psi. The proposed height is 1,999 
feet and spans 110 floors. The concrete is used to encase
8
structural steel members and create fin columns running to the 
building’s 110th and top office-level floor. The firm has 
used three dimensional static and dynamic analysis to 
determine how the structure would behave if subjected to all 
anticipated wind loads.
In KGON Radio Tower (Oregon) the high strength concrete 
fills, strengthens, and reinforces its three legs, steel tube, 
Vierendeel truss space frame. The filling concrete has a 
specified compressive strength up to 14,000 psi and tested, 
with some batches, to above 18,000 psi. The height of this 
tower is 515 feet in total. This kind of construction 
requires a minimum sway. A very rigid frame was necessary to 
achieve such target, so the high strength concrete was the
best solution.
Seattle’s Two Union Square uses a rectangular core with 
four 10-foot diameter steel tubes, each encasing 19,000 psi 
concrete. The reason for using this very high strength 
concrete is basically for providing high stiffness against 
sway and due to high wind load.
CHAPTER II
INTRODUCTION
Background:
The use of high strength concrete has grown rapidly 
during the last decade. Silica fume concrete with specified 
strength ranging from 10,000 to 15,000 psi have been
supplied to over a dozen high rise projects all over the 
United States. Still there is little information concerning 
the long and short term properties of high strength 
concrete compared with what is available for normal
concrete. The performance concept is the only governing 
factor that allows modification of mix design during 
construction in order to get the specified strength.
Committee 318 of the American Concrete Institute (ACI 
318-89) is the responsible body for developing concrete 
specifications and codes for the building industry. This 
committee is still unclear in defining an applicable range 
of concrete strength. The committee began by considering 
a high strength concrete as any concrete with specified 
strength over 6,000 psi with no upper limit. This process 
is made more difficult by the fact that high strength 
concrete technology is advancing at a very rapid pace.
9
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The ACI committee specifications for concrete do not 
include any special consideration for high strength 
concrete. One of the main objectives of this thesis is to 
examine the validity of the existing ACI code formulas to 
see if they are applicable for use with high strength
concrete.
Mechanical properties of high strength concrete are 
very important for studying its behaviour in general. 
Modulus of elasticity, uniaxial compressive strength, split 
tension and modulus of rupture, are main targets to be 
studied due to their direct involvement in the design 
procedure. The temperature rise inside the concrete body 
during the first 24 hours after casting is considered to be 
a main participating factor in microcracks propagation/3*
Thesis objectives are listed and discussed as follow:
Thesis objectives:
(a) Investigate short and long term mechanical properties 
of high strength concrete.
(b) Study of compressive stress distribution parameters.
(c) Compare experimental flexural capacity of reinforced 
high strength concrete simple beam and predicted
value.
(d) Investigate temperature rise of high strength concrete 
during the first four days of curing.
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Short And Long Term Mechanical Properties Of High Strength
Concrete:
Short and long term properties of high strength 
concrete are main governing factors in designing structural 
elements made of high strength concrete. Short term 
properties involve studying high strength concrete after a 
28 day hardening period. Long term properties have been 
considered when studying concrete properties over a six 
month period. Modulus of elasticity and modulus of rupture 
are considered short term properties since the ACI code 
formulas for predicting low strength concrete modulus of 
elasticity and modulus of rupture are set for a 28 day 
period. It is one of the tasks of this thesis to examine 
the validity of ACI code formulas with high strength 
concrete as mentioned before and also to compare thesis
results with what other researchers have obtained from
their own data.
The following ACI code formulas for predicting modulus 
of elasticity and modulus of rupture after 28 days are:(4)
Ec = w1-5 33̂ /F' c I b s / i n c h 2 (1)
Or:
Ec = 5 7 ,0 0 0  y/F7^ ( IV /1 4 5 )1-5 I b s / i n c h 2 (2 )
12
F r = 7 . 5  Ibs/inch2 W
Where:
Ec = Modulus of elasticity in psi.
F c = Uniaxial compressive strength in psi.
W = Concrete unit weight ibs/cuf,ranging from 90-155
Ibs/inch2.
Fr ~ Modulus of rupture Ibs/inch2.
In 1934, Thomas and Raeder(s) reported values for the
modulus of elasticity determined as the slope of the line 
tangent to the stress-strain curve in uniaxial compression 
at 25% of maximum strength from 4.2x10*6 to 5.2x10*6 psi 
for concretes having compressive strengths ranging from 
10,000 psi to 11,000 psi. Many other investigators<6’7,8have 
reported values for modulus of elasticity for high strength 
concretes of the order of 4.5 to 6.5x10*6 psi depending 
mostly on the method of determining the modulus.
In 1981 Carrasquillo, Slate, Ni lson(9) suggested a 
formula for predicting modulus of elasticity for high 
strength concrete based on their own data. They discovered
that ACI code formulas overestimated the value of the
13
modulus of elasticity. Uniaxial compressive strength and
split tension tests have been conducted over 6 month
periods and the strength growth concerning these two 
properties has been observed. In 1984, Raphael(10) 
established two formulas that predict tensile strength and 
modulus of rupture from uniaxial compressive strength. His 
formulas were established for low strength concrete. The 
same formulas are used in this thesis for high strength
concrete and the differences are observed.
Creep is an important long term property of concrete 
that needs to be studied. Since creep requires a long 
period in order to be studied reasonably and to get a
correct feel of concrete behaviour under influence of
creep, then it is reasonably suggested not to include it 
within this thesis scope if accurate evaluation is 
targeted.
Compressive Stress Block Parameters:
A number of investigators, including Whi tney(11)’(12), have 
suggested the replacement of the actual shape of the 
concrete compressive stress block by an equivalent 
rectangle as a means of simplification. Certain parameters 
kx, k2, and k3 are found experimentally in order to determine 
the equivalent rectangular stress block as shown in Fig.l.
14
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The rectangular stress block greatly facilitates 
computations when designing reinforced concrete sections. 
The rectangle has a mean stress of 0.85 Fc and a depth (a) 
equal to 3X*C where Pi is a factor that depends on concrete 
strength and C is the location of the neutral axis from the 
compression fibre. Within the thesis scope, experiments 
have been conducted to determine k3, k2 and k3 factors for 
high strength concrete and has been determined 
accordingly.
Very few researchers as Swartz et al(13), have conducted 
experiments to obtain value for pl5 k1# k2 and k3. The 
research in this area concerning high strength concrete is 
very limited and needs to be expanded.
Simple beam flexural capacity:
A single reinforced high strength concrete simply 
supported beam is designed according to The ACI code 
specifications. After the theoretical flexural capacity has 
been calculated, the beam is tested by a third - point 
bending test to get the maximum flexural capacity of the 
reinforced beam section which is compared with theoretical 
capacity.
Temperature rise:
Temperature rise inside the concrete mass in general is 
very important to be determined according to its influence
1 6
on microcracks propagation. The temperature rise in general 
is happening mainly due to chemical reaction between water 
and cement. Measurements of temperature rise have been 
carried out by using thermocouples embedded in concrete 
cylinders.
CHAPTER III
EXPERIMENTATION
Introduction:
Three high strength concrete mixes are prepared
according to recipes obtained from a report by R.G Burg 
and B. W. 0st(14). Mix proportions for the three mixes are 
shown in Table 1. All mixes used type I Portland cement.
Mix 1 has no silica fume. Whereas mixes 2 and 3 contain
silica fume with two different contents. Low water-cement
ratio (w/c) is achieved in all cases by the use of high 
range water reducer (HRWR) type F. A very low water-cement
ratio 0.255 is used for mix 2. All mixes used maximum size
of 3/8 of an inch for coarse aggregate with approximately
40% crushed.
Plastic, single use, disposable molds are used to 
cast 4x8 inch plastic cylinders. These cylinders are used
for compressive strength, modulus of elasticity and split
tension tests. One additional insulated cylinder from each 
mix has been used for temperature rise testing. One beam
with dimensions 4x4x14 inches from each mix has been casted
for modulus of rupture test and one reinforced concrete 
beam 6x6x30 inches from mix 2 is used for flexural capacity
17
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TABLET
Mix-Rraportions
Mixes
M ix l Mix 2 Mix 3
Cement Type 1 
ibs
950 950 B20
Silica Fume 
ibs
Void 150 80
Coarse Agg. 1800 1800 1800
Fine Agg. 
ibs
1090 1000 1140
H R W FtTypeF
fl.oz
300 520 290
Retarder. Type D
fl.oz
29 38 25
Total Water 
ibs
267 242 262
Water/Cement
Ratio
0.281 0.255 0.32
19
test. Table 2 shows the testing matrix that has been
prepared for experimentation. All specimens are moist 
cured in an environmental curing chamber for the whole 
period of testing. High strength concrete specimens are 
tested by using a hydraulically driven testing machine 
equipped with a lower, moving platen base, and a fixed, 
spherically seated upper platen with maximum loading 
capacity of 300,000 lbs.
Experiment Types :
The following is a list of experiment types:
(a) Uniaxial compression test, designated as ASTM C-39.
(b) Modulus of elasticity test, designated as ASTM C-469.
(c) Split tension test, designated as ASTM C-496.
(d) Modulus of rupture test, designated as ASTM C-78.
(e) Flexural capacity test, designated as ASTM C-78.
(f) Temperature rise test.
A description of each of the above tests follows:
Uniaxial Compression Test:
The concrete is tested at six different ages as 
shown in Table 2. The 4x8 inch2 cylinders are stripped from 
molds the next day after casting. Three cylinders are 
tested at each age and the average is computed. Initially, 
capping is done using commercially available high strength 
gray sulphur-based capping compound. The capping is done
20
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six hours before testing to insure proper capping strength. 
ASTM C39 test is done by applying a compressive vertical 
load from the testing machine with a slow rate of loading
until failure occurs.
Modulus of Elasticity:
Static modulus of elasticity is obtained for the 
three mixes at 28 days. Modulus of elasticity measurements 
are obtained in accordance with ASTM C469 specifications. 
An electrical strain gage is attached to the 4x8 inch 
cylinder, as shown in Figure 2, to measure the strain 
caused by the applied stress. The strain gage is connected 
directly to a data acquisition system. Relationships 
between obtained stresses and strains will be presented in
the later chapters.
Split Tension Test:
This test is conducted at the same ages as the 
uniaxial compressive test. The cylinders are tested 
according to ASTM C496, as shown in Figure 3, by applying 
a compressive load along its length till failure occurs. It 
is essential to insure a proper load distribution along 
the full length of the tested cylinders. The tensile 
strength is calculated from the equation:
n D L ( 4 )
2 2
-
p
------------ r -  Testing Machine
[_________ r — ----------
Strain Gage
-------- ►
\  Capping
Concrete Cyl.
To Computer Sys.
■<----------
<--------------------------------
Capping
I
Strain Gages Installation For Modulus 
Of Elasticity Determination
FIGURE 2
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FIGURE 3
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where:
Ft= Tensile strength ibs/inch2
P = Total applied load ibs.
D = Specimen diameter.
L = Cylinder height.
Modulus of Rupture :
Modulus of rupture is determined at 28 days using 
4x4xl4-inch beams tested in accordance with ASTM C78, as 
shown in Figure 4, Standard Test Method for flexural 
strength of concrete (Using Simple Beam with Third Point 
Loading).
Flexural Capacity of Reinforced Conerete Beam:
The method of implementing this test is similar to
modulus of rupture test except that the beam has 
dimensions of 6x6x30 in3. The moment capacity of the beam 
is obtained and compared with the calculated moment 
capacity using recommended ACI formula based on The Whitney 
assumptions.
Temperature Rise:
Three thermocouples are embedded in 3 concrete
cylinders, as shown in Figure 5, directly after casting the 
concrete. One well insulated plastic cylinder is used for
each mix and the thermocouples have been installed at the
cylinders centers. A data acquisition system is attached
2 5
d
H----- a------ *1
Beam Cross Section
Third Point Loading Test
FIGURE 4
2 6
Thermocouple
Concrete Cyl. 
---------------- 1
c»
Insulation
«•---------------------
to computer system
Temperature Rise Experiment Configuration
FIGURE 5
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to the thermocouples and the temperature rise 
recorded every thirty minutes. Graphs are 
according to obtained readings and discussed 
Chapter 6.
has been
developed
later in
CHAPTER IV
SHORT AND LONG TERM PROPERTIES
Uniaxial Compressive Strength:
In testing high strength concrete for uniaxial 
compressive strength, six ages are considered for each of 
the three mixes. These ages are: 3, 7, 28, 56, 91 and 180 
days as shown in Table 2. Three cylinders, 4x8 inch, are 
tested at each age and the average is computed. Table 3 
and Figures 6 through 9 show the strength development of 
Mixes 1, 2 and 3. Mixes 2 and 3 reach a strength of 8000 
psi after three days as shown in Figure 9. The rate of 
strength development greatly decreases for Mix number 3 
after 3 days, while the strength continues to develop for 
Mix 2 until it reaches around 15,000 psi after a six month 
period. The strength of Mix 3 reaches 76% of its peak 
value after three days, while Mix 2 reaches 52% of its peak 
strength in the same period. The peak strength value is 
defined as the strength after a six month period. Mix 1 
shows a lower strength value at the end of three days than 
either Mixes 2 or 3. Mix 1 reaches about 6,200 psi after 
three days which is approximately 47% of its peak strength 
value after a six month period (13,291 psi).
28
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As shown in Table 3, after 28 days, Mix 3 has 92% of 
the strength developed after 180 days which is considered 
to be the full strength period, while Mixes 1 and 2 
developed 88% and 84% of their full strength value, 
respectively. The highest strength achieved by Mix 2 is 
12,626 psi after 28 days which was expected due to the very 
low water cement ratio that is used with this mix. Mix 1 
has the next higher strength value after 28 days, 11,790 
psi. Water-cement ratios for Mixes 1, 2 and 3 are 0.281, 
0.255 and 0.320 respectively. The major factor that 
greatly affects the final strength is low water cement 
ratio. Decreasing the water cement ratio decreases the 
fresh concrete mix workability. For previously stated 
reasons, high range water reducer must be used in order to 
enhance the workability condition. The best available 
admixture to achieve this target is the superplasticizer. 
As shown in Table 1, the highest quantity of the 
superplasticizer is added to the lowest water/cement ratio 
mix which is Mix 2. This mix has the highest strength 
value after 7, 28, 56, 90 and 180 days.
Silica fume as a cementatious material is an 
influential factor in high strength concrete at the first 
seven days. This result is obvious by comparing Mix 1 with 
Mix 3 in Figure 9. Mix 1 has no silica fume added to it
35
and has a lower water/cement ratio, but it shows lower 
strength value at 7 days, While Mix 3 has 8.8% of silica 
fume added to it, yet shows a higher strength value at 7 
days than Mix 1. It is expected that Mix 2 will produce the 
highest compressive strength value among all mixes because 
it has the lowest w/c ratio and highest silica fume
content.
Modulus Of Elasticity:
The modulus of elasticity value is important from a 
design point of view but direct measurement is time
consuming due to strain gages installation. For normal 
concrete, the modulus of elasticity can satisfactorily be
predicted from the compressive strength value, which is
easily obtained .
The experiments were carried out according to ASTM
specifications and stress-strain relations are represented
graphically in Figures 10 through 13. The modulus of 
elasticity is computed according to the linear regression
approximation of the relation between stress and strain for
each mix.
The ACI Code Committee established two formulas for
predicting the modulus of elasticity for low strength 
concrete (see Chapter 2). Slate and Nilson(9) proposed a
new formula to predict the modulus of elasticity for high
3 6
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strength concrete based on their own data. Their formula
is :
Er = 4 0 ,0 0 0 t / F \ > l ,  0 0 0 ,0 0 0  (F f/1 4 5 )1>5 I b s / i n c h 2 ( 5 )
Table 4 compares three different values of the moduli of 
elasticity obtained in three different ways, by The ACI 
code formulas, Nilson formula and thesis experiments. It
is found that ACI formulas overestimate the values of the
moduli of elasticity for Mixes 1,2 and 3. Our experiments 
show that the deviations from ACI code formulas are high 
for all three mixes. Mixes 1, 2 and 3 deviate by 40.37%, 
35.53% and 40.04% respectively, decreasing from ACI Code 
formulas 1 and 2. The Nilson formula generates values 
nearer to that of the ACI code. Calculations using the 
Nilson formula show that Mixes 1, 2 and 3 deviated by
13.67%, 14.67% and 12.36% respectively, decrease from ACI
code prediction. The thesis results differ from Nilson’s 
results by 30.93%, 24.44% and 31.58% respectively.
A simple model proposed by Hansen*161 could be used to 
explain the above observation. He suggested a model for
elastic modulus of concrete as function of elastic modulus 
of aggregate (Ea) , the proportion of aggregate (Va) , elastic 
modulus of mortar (Em) and proportion of mortar (Vm).
4 1
TABLE 4
Moduli Of Elasticity Comparisons
Mix(1) Mix (2)
I
Mix (3)
ACI code 
psi
6,708,368.00 6,979,828.00 6,075,112.00
Nilson 
psi 
5,791,516.00
r
5,955,561.00
! j
5,324,102.00
1
Thesis
psi
4,000,000.00 4,500,000.00 3,642,857.00
Deviation of thesis
from ACI code 
psi
40.37% 35.53% 40.04%
Deviation of thesis
from Nilson 
psi
30.93% 24.44% 31.58%
Deviation of Nilson
from ACI code 
psi
13.67% 14.67% 12.36%
Fc'=11790 psi Fc'= 12626 psi Fc'= 9565 psi
42
The equation of the model is
E . = ■-----=-----
Xe+X*
En, Ea
( 6 )
The graphical form of this equation is presented in Fig.14. 
In this model, for a given proportion and stiffness of 
aggregate, the elastic modulus of concrete (Ec) increases 
with increasing stiffness of mortar (Em) but, the rate of 
increase of (Ec) decreases with increasing stiffness of 
mortar (Em). In high-strength concrete, the strength and 
stiffness of mortar are generally higher than those of 
normal strength concrete. Thus according to the Hansen’s 
model, if the aggregate properties are similar, values of 
Ec would be lower than predicted by extrapolation of the 
equations of normal strength concretes. This may explain 
the difference between the experimental results and those 
predicted by using ACI code formulas.
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Split Tension:
Split tension is considered an indirect method of 
determining the tensile strength of concrete. As explained 
in the previous chapter, this test is conducted by 
applying a load P vertically along the longitudinal axis of 
the concrete cylinder and increasing the load until 
failure. The experiment is very practical because the 
testing machine is the same one used with the uniaxial
compression test. The high strength concrete Mixes 1, 2 
and 3, have been tested according to ASTM specifications. 
Table 5 shows the concrete ages that have been considered 
for testing and the values of tensile strength in ibs/inch2. 
The average of three specimen results is calculated at each 
age for each mix.
There are no formulas in ACI Code to predict the 
value of concrete splitting tensile strength if the 
compressive strength is known as done with the modulus of 
elasticity. Now consider the splitting tension test, Prior 
to failure, there is a biaxial compression region 
immediately below the region of application of the load. 
This region is highly stressed and has a great resistance 
to failure because of its confined state. For the greatest 
part of the loaded axis, nearly uniform tensile region 
exists, and at failure, the cylinder usually splits nearly
45
along that axis. In high strength concrete, the failure 
goes through aggregates as well as mortar. Tensile strength 
is computed as stated before by the equation:
In 1984, Raphael(10), suggested a formula that relates 
splitting tension of low strength concrete with uniaxial 
compressive strength and he repeated this with the modulus 
of rupture as will be discussed later. The same equations 
are used in this thesis for high strength concrete and 
differences are observed. His equation considering 
splitting tension is:
Ft = 1.7 (F'c) 2/3 i b s / i n c h 2 (7)
Where:
Ft = the tensile strength
F ’c= the uniaxial compressive strength.
Tensile strength data resulting from the splitting tension 
experiment versus the tensile strength is obtained resulted 
from calculations using the formula (7) and are plotted in 
Figures 15, 16, 17 and 18. The graphs show that the two
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lines are getting closer as the concrete age is getting
higher. Later in this chapter a comparison between the 
tensile strength resulting from split tension and tensile 
strength resulting from modulus of rupture test, will be 
discussed as two alternatives of getting concrete tensile 
strength.
Modulus Of Rupture:
Now consider the bending test, standardized by ASTM 
C78 (using simple beam with third point loading). Table 6 
shows test results of both tensile strengths resulting from 
the splitting tension test and bending test, respectively. 
It is clear that the modulus of rupture of high strength 
concrete for the three mixes is higher than the tensile 
strength calculated from the split-tension test at 28 days. 
Note that the modulus of rupture test was run at only 28 
days. These results are similar to the work of Raphael 
with low strength concrete. In high strength concrete, the 
differences are observed to be 19%, 34% and 13% 
respectively for Mixes 1,2 and 3. The difference in low
strength concrete is 30 to 50 percent higher than the
tensile strength calculated from splitting tension.
Raphael suggested a formula based on his own data to 
calculate the modulus of rupture from compressive strength 
for low strength concrete as shown below:
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F ,  = 2 .3  F̂' c ibs/inch2 ( 8 )
Where:
Fr= modulus of rupture ibs/inch2
F ’c= compressive strength ibs/inch2
The above stated formula is tried for high strength 
concrete considering mixes 1, 2 and 3 beside the 
experimentation. The difference between the two is
calculated and shown in Table 7. Also ACI code formula has
been used to calculate modulus of rupture for each of three 
mixes. The results and the differences are shown in Table
7. It is seen that the highest values are obtained by using 
Raphael’s formula. The over estimation is varying from 7% 
to 27% increase from thesis results. ACI code formula is 
under estimating the values of moduli of rupture, the 
difference is varying from 2% to 27% decrease from thesis
results.
CHAPTER V
STRESS DISTRIBUTION PARAMETERS
AND WHITNEY SIMPLIFICATION
Background:
The general stress-strain behaviour of concrete
shows a nonlinearity for the relation between the stress 
and the strain. The compression zone of a beam under 
flexure has the same general variation of stress and strain 
as the test specimen. The compression stress block before 
failure should be as shown in Figure 19. The nominal 
bending strength (Mn) is assumed to be reached when the 
strain in the extreme compression fibre is equal to the 
crushing strain for an under reinforced beam. The
computation of flexural strength (Mn) based on the true 
stress distribution shape is difficult since the area of
the curve needs to be known and the curve centroid as well.
The flexural strength could be computed if the value of 
(k2/(k1k3)) is known as shown in figure 19. However, it is 
desirable for the designer to have a simple method in which 
basic static equilibrium is used. For this reason, Whitney 
rectangular stress block is suggested.
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Equilibrium Equations For Experimental Concrete Block:
Although the compressive stress distribution due to 
bending has the same general shape as the test cylinder, 
the maximum stress is less than F’c say k3 F’c (See Figure 1). 
The maximum average stress over the element subjected t o  
flexure, beam for example, of constant width is kjk3F’c and 
the centroidal location of the roughly parabolic stress 
distribution is k2c , where c is the neutral axis location 
measured from the compression fibre. Figure 1 shows the 
experiment configuration where a similar stress 
distribution has been created over 4"x4" high strength 
concrete block. Thus the compressive force C is the 
summation of the compressive stresses acting on the 
compression concrete area, which may be considered as shown 
in Figure 1:
C = kr . k3 . f 'c . c  . b  ( 9 )
and the moment about point 0, the centroid of the block
cross section is:
P(-j - -j) = k, . k3 . f ' . c . b ( ±  -  k 2c )  (1 0 )
Where:
C = the resultant compressive force.
kx,k2 and k3 = stress parameters
b = width of rectangular section subjected
to bending.
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c = distance of neutral axis from
compression fibre
P c = concrete compressive strength
P = applied force at failure
L = length of concrete block
Strain gages are placed as shown in Figure 20. 
Examining Figure 21, load P is applied at the edge of 
middle third (point a) until failure of the specimen. 
Assuming linear behaviour, zero strain is reached at the 
far edge (point b) when load P is applied at the edge of 
middle third. The previous assumption is made in order to 
simplify the analysis of the experimentation results. In 
fact, concrete does not behave linearly and the relation
between stress and strain is not a linear relation
especially when failure is eminent. When applying 
Equation 10, the computed value of k2 should always remain 
equal to 0.333 since force C has to be on the same line of 
action as force P. Figures 21 and 22 show the stress 
distribution immediately before the occurrence of failure. 
Equations 9 and 10 are solved together to obtain kl5 k2 and 
k3 and it is not actually needed to derive them individually 
but it is enough to get k3k3 combined together and k2 
separately. Swartz et, al(13) worked on the same stress
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distribution parameters for high strength concrete, but 
their work was on high strength concrete with highest 
compressive strength of 10,000 psi approximately after 28 
days. Within the scope of this study, the highest obtained
compressive strength is 12,626 psi after 28 days. The
calculations below show how to obtain kn k2 and k3 by
applying the above mentioned two equations.
Calculations To Obtain k3, k2 and k3:
Looking back in Figure 1 and taking summation of
forces in the Y direction and setting it equal to zero
then:
P = ki * k3 * F’c * c * b
Failure of the specimen occurred when P = 106500 ibs.
substituting P = 106500 ibs, b = 4" and c = 4" we get:
106500 = kx * k3 * 12626 * 4 * 4
Solving for k1k3 we get : 
k, k? = 0.527
Knowing that from the stress distribution in Figure 21
that:
k3 F’c = 9650 ibs
where k3F’c is the max stress as shown in Figure 1, k3 can 
then be computed as:
k3 = 9650/12626
k ? = 0 . 7 6 4
63
Substitute back in k ^ ,  kj becomes equal to: 
kx = 0.527/.764 
k, = 0.689
Using equation 10:
p(i  “ = ki- -c ~ k*c}
and substitute for kl and k3 then :
106500 * 0.666 = kT * k3 * F’c * c *b[2 - 4*k2]
70929 = 0.527 * 12626 * 16[2 - 4*k2]
70929 = 212924.86 - 425849.72*k2
Solving for k2:
k ,  = 0 . 3 3 3
Instead of dealing with the true shape of the stress 
distribution, Whitney suggested a simplified rectangular 
stress distribution. As shown in Figure 1, the average 
stress is 0.85 F’c and the depth of the rectangular stress 
block is PiC where Pi is a reduction factor depends on 
concrete strength. For low strength concrete, this factor 
starts with 0.85 for concrete strength of 4,000 psi and 
decreases by 0.05 for every 1,000 psi increase with minimum 
value for px of 0.65. The rectangular stress block is equal 
in area to the true one and the line of action of the 
resultant compressive force is the same. By equating the 
two resultant forces of both distributions in Figure 1,
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then Px has to equal to 2k2 and also it has to be equal to 
(k: k3/0.85) as shown below:
by equating the two resultants in Figure 1 then:
0.85 F’c*31*c*b = k3 k3 * F’c * c * b
So:
Pi = k3 k3/0.85 
Pi = 0.527/0.85 
Pi = 0.62
also as calculated from k2 is:
Pi = 2 k2
P3 = 2 * 0.333
= 0.666
Pav= 0.643
As noticed above, Pav is very close to the minimum value of 
Px or to what Whitney proposed and is approved to be used by 
the committee of ACIw code for normal strength concrete. 
Flexural Capacity Of Reinforced High Strength Concrete
Simple Beam:
As shown in figure 19, a singly reinforced concrete 
beam when the flexural strength is reached at the midspan
section. The resultant internal tensile force is:
Where:
A , = area of steel
T  = As f s (ID
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fs = steel stress
since the thickness of the steel is small compared with the 
depth of the section, the stress over the entire steel area 
is assumed to be uniform and to equal the stress at the
centroid of the steel area.
The resultant internal compressive force is:
C = 0 . 8 5  f 'c a b ( 1 2 )
Where:
a = depth of the equivalent rectangular stress block
b = width of section
P c = compressive cylinder strength of concrete
The distance between the resultant internal forces,
known as the internal lever arm, is given by:
j d = cf -  0 . 5  a  ( 1 3 )
Where d, the distance from the extreme compression fibre to 
the centroid of the steel area, is known as the effective 
depth.
The moment of resistance is therefore:
= T = C J d ( 1 4 )
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If the steel content of the section is small, the 
steel will reach the yield strength, fy before the concrete 
reaches its maximum capacity. The steel force remains 
constant at (As*fy) with further loading. A slight 
additional load causes large plastic elongation of the 
steel across the flexural cracks, resulting in wide 
cracking and a large increase in the strain at the extreme
compression fibre of the concrete. With this increase of 
strain, the distribution of compressive stress of the
concrete becomes distinctly nonlinear, resulting in an 
increase in the mean stress in the compressive stress 
block. Because equilibrium of the internal forces must be 
maintained, there is a reduction in the neutral axis depth. 
The reduction in the neutral axis depth causes a slight 
increase in the lever arm, hence in the moment of
resistance.
The flexural strength of the section (maximum moment 
of resistance) is reached when the strain in the extreme
compression fibre of the concrete is approximately 0.0027 
for high strength concrete for mix two as shown in Figure 
12 (mix 2 is the one which is used for beam casting). With 
further increase in strain, the moment of resistance 
eventually reduces, and crushing starts in the compressed
region of the concrete. This type of failure could be
67
referred to what is called tension failure. For a tension 
failure, fs=fy where fy is the yield strength of the steel; 
for equilibrium, C = T. Therefore from equations 11 and 12
we have:
0 .8 5  F'c a b = As fy
Solving for (a) we get:
a = Aa fy ( 1 5 )
0 .8 5  f 'c b
Hence from equations 13, 14 and 15 the following equations
can be written:
Mn = As fy[d - Q
= As fy[d - 0 59
a]
As £ y i  
F'c b
( 1 6 )
If Whitney stress distribution is used to find Mn then we 
get:
Mn = k rk 3
I
F'c b ( 1 7 )A, f v [ d  -
I t  i s  n o t e d  h e r e  t h a t  t h e  q u a n t i t y  ( k 2/ k 1k 3) i n  e q u a t i o n  17  
i s  e q u i v a l e n t  t o  0 . 5 9  b y  u s i n g  W h itn e y  b l o c k  a n a l y s i s .
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Referring back to the calculated experimental values of kx, 
k2 and k3 for high strength concrete, it is seen that 
(k2/k1k3) for high strength concrete is 0.63 which is close 
to 0.59 for normal strength concrete. This value is
actually sensitive to the experimental techniques and 
assumptions used in the laboratory. A singly reinforced 
high strength concrete beam was designed and tested to get 
the maximum flexural capacity. The beam has a 6"x6" cross 
sectional dimensions and a span length of 24 inches. The 
load was applied at the third points along beam span as 
mentioned in ASTM C78 (simple beam with third point 
loading). The beam is reinforced with two #3 bars with a 
total area of steel equals to 0.22 square inches and fy of 
60,000 psi. The load obtained from the experiment was 
23,700 ibs resulting in an applied moment of 94,800 in.ibs. 
The flexural capacity is then calculated by using equation 
(17) by substituting the values of kx, k2 and k3 :
Mn = As fv [ d -
5f y
k. k. F fc b '
M = 0 .2 2 * 6 0 ,0 0 0  [5 .4 3  - 0 .6 3  Q- 2 — ^ Q>QQQ] =629 8 1 .9  i n c h . I b s  
n 1 2 6 2 6 *6
If 0.59 was used for (k2/k,k3) , then the computed moment 
would be equal to 70323 inch.Ibs which still deviates too
much from the experimental value of 94,800 inch.ibs. Thus
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the use of the simple Whitney block diagram is 
unsatisfactory when used in conjunction with high strength 
concrete and new methodology is needed to approximate the
stress distribution.
CHAPTER VI
TEMPERATURE RISE
When Portland cement is mixed with a limited amount of 
water, the cement particles become dispersed in the water
and the hydration process starts with heat liberation. In
low strength concrete the setting and hardening processes
are the results of a series of simultaneous and consecutive
reactions between water and constituents of Portland
cement. These reactions are described as the hydration of
Portland cement. In high strength concrete, silica fume is 
an additional reactor with water plus the Portland cement. 
The hydration of cement and silica fume compounds is
exothermic. The heat developed is called the heat of 
hydration.
Temperature rise measured by three thermocouples 
that have been installed inside three cylinders of 
different three mixes, as shown in Figures 23, 24, 25 and 
26. The room temperature was around 68 F° and the first 
readings were taken approximately after three hours after 
concrete casting. The initial concrete temperature was 
subtracted from all subsequent readings to obtain 
temperature rise readings for comparison purpose. The
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cylinders were insulated immediately after casting 
concrete. From the attached figures, it is observed that
the temperature rise for three mixes happened approximately 
with the same pattern and the time that temperatures 
reached their peak values are the same approximately for 
all three mixes. Mix 1 reached 45° F degrees difference 
from room temperature, 68° F, after 16 hours approximately 
while mixes 2 and mix 3 reached 42° F degrees after 16 hours 
approximately. As noticed none of the three mixes has a 
considerable difference of temperature rise comparing with 
other two mixes. Roy(15)stated that at early ages, heat 
generation may be controlled by cement content, water- 
cement ratio, and the amounts and types of chemical 
admixtures. Since all of these parameters vary in the
present concretes, it is difficult to establish cause and 
effect for the magnitude and timing of heat generation and 
more research is needed. The reason that no significant 
differences in temperature rise occur among the three mixes 
1,2 and 3 is that there are no big differences in cement
content among them . The amounts of cement used in three 
mixes are 950 lbs, 950 lbs and 820 lbs per cubic yard 
respectively as shown in Table 1. Because the temperature 
rise of the three mixes are approximately the same, it
seems that silica fume does not have much influence on the
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concrete temperature rise. This seems to be compatible 
with what Roy reports. Due to the high cement content that 
is used with high strength concrete, a higher temperature 
rise was expected, since it is known that for low strength 
concrete the range of temperature rise ranges between 40 to
55 degrees. Assuming that the insulation is properly made, 
small specimen size, 4"x8" cylinder, is the main reason for 
not obtaining the expected values for temperature rise.
The high temperature that happens inside the 
concrete body during the hydration process is the cause of 
the existence of microcracks existence. Microcracking is 
an important phenomenon to be studied due to its direct 
involvement in concrete strength capacity; also the higher 
the temperature rise, the more likely that microcracking
will occur. The increase of microcracks makes the: concrete
structural element less resisting to stresses developed
inside the element body specially if these stresses are
tensile stresses. Concrete dams are the most af f ected
structures by microcracks due to its massive volume which 
is the main reason of high rate of temperature generation.
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CHAPTER VII
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary:
Studying of the short and long term engineering 
properties of high strength concrete, was the main 
objective of this thesis. This objective has been properly 
achieved after a series of experiments specified by ASTM 
specifications. Whitney’s block compressive stress 
distribution and stress parameters, flexural capacity of 
singly reinforced high strength concrete simple beam and 
temperature rise, were also studied experimentally. 
Conclusions and recommendations are drawn according to the
data obtained from these studies.
Conclusions:
The following conclusions are deduced from the 
results of this study and from the observations made 
during preparation, testing and calculations of the high 
strength concrete.
1) Very low water cement ratio with high cement content 
are essential factors for obtaining high strength
concrete.
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2) High range water reducer (HRWR) is important when 
using low water cement ratio in order to maintain a 
suitable workability level during mixing and handling.
3) Lowering water/cement ratio results in increasing the 
percentage of compressive strength after 28 days
period.
4) It seems that no significant improvement in compressive 
strength will occur after the six months period.
5) Retarders do not show significant effect on the 
percentages of compressive strength during six 
month period.
6) Silica fume is an influential factor for strength 
development at the first 7 days after casting.
7) ACI code formulas used to compute modulus of elasticity 
for low strength concrete predict higher values (35% 
to 40% higher) than experimental results indicate.
8) Modulus of rupture is always higher than tensile 
strength obtained from split tension test. The
difference ranges between 13% and 34%.
9) Raphael formulas for predicting tensile strength whether 
from flexure test or from split tension test show a good 
correlation with experimental high strength concrete
results.
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10) ACI code formula for predicting modulus of rupture for 
low strength concrete is conservative when used with 
high strength concrete.
11) Depending on the technique that was used to determine
compressive stress parameters, Pl has been found to be 
equal to 0.643 which is close to the lower limit of 
Pl that is recommended by ACI code for low strength
concrete.
12) The temperature rise that is reached by all the three 
mixes ranges from 42 to 45 F respectively after a 
period of 15 to 17 hours.
13) Silica fume does not effect temperature rise inside 
the concrete during the first 24 hours.
Recommendat ions:
1) Further studies have to be implemented to determine 
exact effect of silica fume on compressive strength 
development of high strength concrete.
2) More experiments are needed to find the influence of 
HRWR dosage on strength development of high strength
concrete.
3) A different approach or methodology is needed to compute 
modulus of elasticity for high strength concrete.
Current formulas for normal strength concrete does not 
apply for high strength concrete.
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4) If ACI code formulas for predicting modulus of 
elasticity are to be extrapolated, then a suitable
factor of safety is to be applied.
5) ACI formula for predicting modulus of rupture can be 
used for high strength concrete.
6) Raphael’s formulas for predicting tensile strength 
whether from split tension test or from flexure test
provide a good fit, but still need further 
investigations.
7) A different experimental technique that takes the 
nonlinearity of concrete into account, has to take place 
when determining stress block parameters.
8) A development for rectangular stress distribution 
proposed by Whitney, has to take place with high 
strength concrete when computing flexural capacity.
9) Large specimen size and better insulation technique 
is important for obtaining more accurate temperature
rise measurements.
10) Further experimentation is needed in order to determine 
exactly the effect of chemical admixtures on
temperature rise inside the concrete during the first
24 hours.
11) Creep is important to be studied as an influential 
factor concerning engineering properties of high
strength concrete.
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